P201 is a short (eight-residue) nonacidic peptide that comprises a strong transcriptional activating region when tethered to DNA in yeast. Here we identify the mediator protein Gal11 as an essential target of P201. Deletion of Gal11, which modestly decreases activation elicited by the typical acidic yeast activator, abolishes activation by DNA-tethered P201. A point mutation in Gal11, which has no effect on other Gal11 functions, also greatly diminishes activation by DNA-tethered P201. P201 binds to a fragment of Gal11 in vivo and in vitro, and the interaction is diminished by mutations in either component that decrease activation in vivo. P201, unlike the typical yeast acidic activating region, does not work in mammalian cells, which is consistent with the notion that the unique target of P201 (Gal11) is absent from mammalian cells.
in mammalian cells, a fact we attribute to the absence of its target from those cells.
Materials and Methods
Genetic Analysis. Saccharomyces cerevisiae strains used in this study are listed in Table 1 . Yeast media were prepared as described (24) except the ethidium bromide-galactose medium, which was prepared as described by Suzuki et al. (25) . Yeast transformations were done by using standard methods (24) . The transformants were assayed for ␤-galactosidase activity as described (26) .
Mutagenesis and Screening. Gal11 was mutagenized as described by Lehming et al. (27) . Briefly, a DNA fragment encoding residues 144-574 of Gal11 was mutagenized by PCR. This mutagenized PCR fragment was cotransformed into yeast (JPY7, which lacks Gal11) along with a linearized plasmid that expresses full-length Gal11 under the control of its own promoter. In linearizing the plasmid we removed residues 158-551 of Gal11. Thus, the plasmid and the PCR fragment share homologous sequences of Gal11 (residues 144-158 at the N terminus and residues 551-574 at the C terminus). This degree of homology is sufficient for the gap-repair system to recombine and incorporate the PCR fragment efficiently into the linearized plasmid. The transformants were selected for growth on ethidium bromide-galactose plates for 3 days; these conditions eliminate mutants that do not express Gal11 (25, 28) .
In Vivo Protein Interaction. The split-ubiquitin system was used to test interactions in vivo as described (29) . Gal4(2-100)ϩP201 (wild type or mutant) was fused to the Nub plasmid, and Gal11(186-617) (wild type or mutant) was fused to the Cub plasmid. Nub and Cub fusions were cotransformed into JPY9 cells. An equal number of cells, determined by cell counting, was spotted on Ura Ϫ and Ura ϩ plates.
Protein Purification. Plasmids encoding glutathione S-transferase (GST)-Gal11 (wild type and mutants) were transformed into BL21 (DE3) pLysE cells from Stratagene. Cells were grown to an OD of 0.8, and protein expression was induced for 8 h with 0.75 mM isopropyl ␤-D-thiogalactoside at 16°C. Cells were pelleted, washed, and resuspended in buffer A [10 mM phosphate buffer (pH 7.4)͞27 mM KCl͞137 mM NaCl (PBS)͞10% glycerol͞0.1% Nonidet P-40]. Cells were lysed in buffer A containing a protease inhibitor mixture (1 mM PMSF͞1 l/ml 2M chymostatin͞2 mM pepstatin͞2 mM benzamadine), and the debris was pelleted by centrifugation at 11,000 ϫ g for 15 min. The supernatant was incubated for 45 min with glutathioneSepharose beads that were preequilibrated in buffer A (Amersham Pharmacia). The beads were washed six times, and the equal volumes of beads were mixed with SDS-containing sample buffer, resolved on a 6% SDS-Tricine gel, and visualized by Coomassie staining.
In Vitro Binding Assay. Radiolabeled activator proteins were synthesized by using the Promega, rabbit reticulocyte transcription and translation (TNT) per manufacturer instructions. Equal amounts of glutathione-Sepharose-bound GST-fusion proteins (as estimated by Bio-Rad assay of eluted proteins as well as the approximate amount of full-length product on the gel) were used for coprecipitation (pull-down) assays. Roughly 20 l of beads were incubated for 30 min with 2 l of radiolabeled activators (TNT mix) in 600 l of binding buffer. The ''relaxed'' binding buffer comprises buffer A, 100 g͞ml acetylated BSA, and 0.1% Triton. ''Stringent'' binding buffer comprises 20 mM Tris, 200 mM NaCl, 1 mM EDTA, 100 g͞ml tRNA, 100 g͞ml acetylated BSA, 0.1% Triton, and 75 mg͞ml salmon sperm DNA.
CAT Assay. HeLa cells were cotransfected with plasmids carrying the Gal4-responsive chloramphenicol acetyltransferase (CAT) gene and Gal4 derivatives by using the Lipofectamine method suggested by the manufacture (Promega). A plasmid expressing ␤-galactosidase also was included in transfection to normalize the transfection efficiency. Cell extracts were prepared Ϸ40 h after transfection. CAT and ␤-galactosidase activities were determined as described (30) . Transcriptional activity of the Gal4 derivative was indicated as relative CAT activity normalized to ␤-galactosidase activity.
Results
Deletion of Gal11. To search for a possible target of P201 we deleted, singly, various components of the mediator and measured the effect on activation by LexAϩGal4 and by LexAϩP201. ''LexAϩGal4'' bears the LexA DNA-binding domain fused to the activating region of Gal4, and ''LexAϩP201'' bears the LexA DNA-binding domain and a bit of the Gal4 dimerization domain fused to P201 (see Lu et al., ref. 23) . Fig.  1 shows that the deletion of Gal11, while decreasing activation by LexAϩGal4 some 3-fold (consistent with previous results), abolished activation by LexAϩP201. This effect was independent of the DNA-binding domain used to tether the activating peptide. Thus deletion of Gal11 also abolished the activity of ''Gal4ϩP201'' [which comprises the Gal4 DNA-binding domain (residues 1-100) fused to P201; data not shown].
Deletion of Segments of Gal11. Fig. 2 shows that deletion of residues 187-618 of Gal11 abolished activation by LexAϩP201 but had little or no effect on activation by LexAϩGal4 (compare lines 1 and 2 with lines 7 and 8). In contrast, the deletion of Gal11 residues 48-186 had little effect on either LexAϩP201 or LexAϩGal4 (lines 5 and 6). Deletion of Gal11 residues 866-929 (lines 9 and 10) had an effect equivalent to total deletion of Gal11 (lines 3 and 4). This part of Gal11 (i.e., residues 866-929) is required for whatever general role it plays in the mediator (31) . These results, taken together, suggest that LexAϩP201 contacts Gal11 somewhere in the segment encompassed by residues 187-618.
Isolation of Gal11 Mutants. We used PCR to mutagenize the region encompassed by residues 187-618 in the context of intact Gal11 and introduced the mutagenized Gal11 into a strain deleted for wild-type Gal11. The strain bore a Gal1-LacZ reporter gene, transcription of which was activated by LexAϩP201. We isolated mutant white colonies (i.e., those not expressing LacZ) from among the population of mostly blue colonies (i.e., those expressing LacZ). These were tested further for functional Gal11 by growing cells on plates bearing galactose as the sole sugar and in the presence of ethidium bromide, a medium on which cells deleted for Gal11 do not grow (25, 28) . One of the mutants that retained Gal11 function in this assay, called Gal11M17, was analyzed further.
Gal11M17 bears the four changes shown in Fig. 3 A: three point mutations and a short deletion. Fig. 3B shows that the single base-pair change T322K reduced more than 10-fold the Fig. 1 . Effect of deletion of Gal11 on the activity of P201. The reporter shown at the top was introduced into two yeast strains, one wild type (WT), and the other deleted for Gal11. Both strains were transformed with plasmids expressing, separately, LexAϩP201 and LexAϩGal4. ␤-Galactosidase (␤-gal) levels produced by cultures grown to mid-log phase are shown. In all the yeast experiments reported here the reporters were integrated at the Ura3 locus. response to LexAϩP201 (line 2). When T322K was combined with the deletion 443-470, activation was reduced by approximately another 2-fold (line 3), and addition of the other two mutations from Gal11M17 had no further effect (line 4). Moreover, the three mutations found in Gal11M17 other than T322K, when present without that crucial point mutation, had little effect (line 5). The single mutation Gal11 T322K had virtually no effect on activation by LexAϩGal4 (see Table 2 ). The reporter gene used in this experiment bears two LexA binding sites positioned 50 base pairs upstream from the Gal1 promoter TATA box. When the activator binding sites were positioned 191 base pairs upstream, as in the experiment of Fig. 1 , the point mutation T322K virtually abolished activation by LexAϩP201 but had little or no effect on activation by LexAϩGal4 (data not shown). Table 2 also shows that the T322K mutation had little effect on activation by the acidic activator, LexAϩVP16 (second column, row 4). The deletion of Gal11 had a slight effect on activation by the acidic activator LexAϩGcn4 and a somewhat greater effect on activation by LexAϩVp16, an effect about equivalent to that seen with LexAϩGal4. P64, another peptide isolated in the screen that yielded P201, depended to a similarly modest extent on Gal11 (row 2).
Binding Assayed in Vivo. We measured binding of Gal4ϩP201 to a Gal11 fragment (residues 186-617) in vivo using the splitubiquitin assay (29, 32) . The fusion proteins used for the assay are diagrammed in Fig. 4A : interaction between the attached peptides apposes the two halves of ubiquitin, an interaction that leads to degradation of the fused Ura3 protein and therefore an inability to grow on medium lacking uracil. Fig. 4B shows that, as measured in this assay, wild-type Gal4ϩP201 binds to Gal11(186-617). Thus, cells grew very poorly on plates lacking uracil if the Gal11 fragment was wild type (line 5). Introduction of the point mutation T332K into the Gal11 fragment greatly decreased the interaction (line 6), and introduction of the quadruple mutation of Fig. 3 A decreased the interaction further still (line 4). Binding Assayed in Vitro. Radiolabeled Gal4ϩP201 bound to GST-Gal11 (186-619) as shown in Fig. 5 A (lane 7) . For this experiment, the GST-Gal11 fragment was immobilized on beads, and the P201 derivatives were generated by TNT. No interaction A yeast strain bearing the indicated reporter was deleted for Gal11. Plasmids expressing no Gal11, Gal11 wild type (WT), or one of the three depicted Gal11 deletion derivatives were introduced into these cells. A second plasmid, expressing either LexAϩGal4 or LexAϩP201, was introduced, and the cells were assayed for ␤-galactosidase (␤-gal) as in the experiment of Fig. 1 . In Gal11 wild-type strains, the ␤-galactosidase activity for each activator was: P201, 3,770; P64, 1,710; Gal4, 4,770; Vp16, 2,600; Gcn4, 125. Gal4(1-100) activity in Gal11P cell is 1,180. The reporter bore two activator-binding sites 50 bp upstream of the Gal1-LacZ gene. Standard deviation is within 25% in each case. ND, not determined.
was observed when either of the two point mutants of Gal4ϩP201 were used (lanes 8 and 9) or when Gal4(1-100) alone (Lane 6) was used. The point mutants of P201 used here were two of the three such mutants used in the in vivo assay of Fig. 4C , both of which decreased the interaction in vivo. Fig. 5C shows that in a similar assay the Gal11 mutations that abolish activation by Gal4ϩP201 also greatly decrease interaction in vitro. GST-Gal11(186-619) in three forms was purified: wild type, the quadruple mutant of Fig. 3 A, and the point mutant T322K (Fig. 5B lanes 2-4) . The wild-type form, but neither mutant of Gal11, bound wild-type Gal4ϩP201 under stringent conditions. Under these conditions, no binding was observed to either of two acidic yeast activating regions: one from Gal4 RIIЈ and the other from the activator Gcn4. Under relaxed conditions these two acidic activating regions interacted weakly with Gal11, and these interactions were unaffected by mutation of Gal11.
Other Functions of Gal11. We mentioned above that the mutants of Gal11 that did not support activation by LexAϩP201 were normal for Gal11 function as determined by growth on galactose medium containing ethidium bromide and by response to activation by Gal4. Here we show that Gal11T322K (which is almost totally unable to support activation by P201) also is normal for another function of Gal11.
The change N342V in Gal11 is a gain-of-function mutation: in the presence of this mutated form of Gal11, called Gal11P (potentiator), the otherwise inert DNA-binding fragment of Gal4(1-100) works as a powerful activator (33, 34) . The mutation has been shown to create an interaction between the dimerization region of Gal4(58-97) and Gal11 (35) . As shown in Table 2 , the T322K mutation has little effect on the ability of Gal11P to support activation by Gal4(1-100).
Activation in Mammalian Cells. We mentioned in the Introduction that many acidic yeast activating regions, both natural and synthetic, also work in mammalian cells. The experiment of Fig.  6 shows that, in contrast, Gal4ϩP201 had very little (if any) activity in a mammalian cell as assayed in a transient transfection assay. The figure also shows two acidic activators that do work in these cells, Gal4ϩE2F and Gal4ϩP64. The former bears the acidic activating region from the mammalian activator E2F fused to Gal4(1-100). The latter bears, fused to Gal4(1-100), a short synthetic peptide with two acidic residues (in addition to hydrophobic ones) attached to an 11-residue bit of Gal4(840-850) that includes another acidic residue (23) . Gal4ϩE2F works Ϸ10-fold more efficiently than does Gal4ϩP64. In these experiments, all the activators were expressed at similar levels (data not shown).
Discussion
Our results define a specific amino acid change (T322K) in the mediator protein Gal11 that virtually abolishes transcription elicited by an activator bearing the synthetic activating region P201. As assayed both in vitro and in vivo, the mutation also drastically reduces binding of P201 to Gal11. In contrast, the mutation has virtually no effect on transcription elicited by a range of other activators. P201, similar to natural activators, bears hydrophobic residues, but unlike most natural yeast activators, it lacks acidic residues. Gal11 has been identified previously as an essential site of interaction with a DNA-tethered ment and P201 (scant growth in row 5), an interaction that was decreased by introducing the single mutation T322K (row 6) or the quadruple mutation of Fig. 3 (row 4) . (C) Mutations of P201 weaken the interaction observed with the split-ubiquitin two-hybrid system. Assays were performed as described for B. Colony growth indicates that the interaction (revealed by scant colony growth of cells bearing wild-type P201, row5) was decreased significantly by each of the indicated point mutants of P201. The split-ubiquitin two-hybrid system. Nub, an amino fragment of ubiquitin, was fused to Gal4ϩP201, and Cub, a carboxyl fragment, was fused to Gal11(186 -617). Cub also bore a fused Ura3 gene. Interaction of the added peptides brings Nub together with Cub. The reconstituted ubiquitin is recognized by UBPs (ubiquitin C-terminal hydrolase), which in turn clip off the Ura3 protein.
Because an Arg residue was placed at the cut site, the Ura3 protein is degraded rapidly. (B) Mutations in Gal11 weaken the interaction observed with the split-ubiquitin two-hybrid system. Cells were spotted in 10-fold dilutions, starting at the same concentration, onto plates lacking uracil (rows 4 -6) and, as a control, on plates containing uracil (rows 1-3). Colony growth indicates an interaction between the wild-type (WT) Gal11 frag-activating peptide (33, 34, 36) . In that case the interaction occurs only if Gal11 bears a mutation at position 342 that changes an Asn to a hydrophobic residue. In the presence of this mutated Gal11 (called Gal11P), an otherwise inactive fragment of Gal4(1-100) works as a strong activator. Mutant studies revealed that in the Gal11P case, binding of the ''activator'' to a fragment of Gal11P was correlated with activation. Hidalgo et al. (35) showed that the region of Gal4 that interacts with Gal11P presents a hydrophobic surface. The Gal11 mutation T322K, which abolishes activation by P201, has no effect on activation by Gal4(1-100) if the Gal11 also bears the P mutation.
Our results are consistent with the idea that a single contact between a DNA-tethered peptide and Gal11 suffices for strong activation. Whether this restricted target choice limits the class of yeast genes that can be activated by DNA-bound P201 is not known. Of the four promoters we have tested, Gal1, His3, Pho5, and Cyc1, all are activated efficiently by activators bearing the P201 activating region (data not shown). Gal11 also has been proposed to be a target for various acidic activators (37) (38) (39) . If so, that contact is not essential, because deletion of Gal11 has only a modest (2-5-fold) effect on activation in those cases.
How binding to Gal11 alone can elicit such high levels of activity (as with DNA-tethered P201) is unclear. Gal11 has been found in two complexes that contact RNA polymerase II (40) (41) (42) . In one case it is part of the so-called Gal11 module of the mediator (43) . The integrity of that module is not required for abolish the interaction with Gal11(186 -619) observed in a GST pull-down assay. Equal amounts of radiolabeled Gal4(1-100) and Gal4ϩP201 as well as two mutant derivatives of the latter, were tested for interaction with Gal11(186 -619) in an in vitro pull-down assay. The Gal11 fragment was isolated as a GST-fusion protein, attached to beads, and incubated with radiolabeled Gal4 derivatives. Input lanes (2-5) contain 20% of the labeled activators incubated with the immobilized GST-Gal11. Bound lanes (6 -9) show that only the derivative bearing wild-type P201 bound to Gal11 under these (stringent) conditions (see Materials and Methods). (B) Preparation of GSTGal11 derivatives. Coomassie-stained gel showing the expression of three forms of GST-Gal11(186 -619). The first lane shows the wild-type (WT) protein, the second lane shows the quadruple mutant (Quad Mut) of Fig. 3 , and the third lane shows the T322K mutant (PT mut) form of the Gal11 fragment. As expected, the quadruple mutant, which includes the short deletion (residues 443-470), migrates slightly faster than the other two forms. (C) Mutations in Gal11 abolish the interaction with P201 observed in a GST pull-down assay. This experiment was performed as in A, except that various mutant versions of gal11 were tested for interaction with three activators. Input lanes (1-3) contain 20% of three radiolabeled activators used in the GST pull-down assay. Gal4(1- 100)ϩ(840 -881) is a weak acidic activator, and Gcn4 is the full-length form of another acidic yeast activator. Under stringent conditions (see Materials and Methods) the only activator that bound wild-type GST-Gal11(186 -619) was Gal4ϩP201 (lane 5). That interaction was abolished by mutation of Gal11 (lanes 6 and 7). Under relaxed conditions, in addition to the strong interaction observed between wild-type Gal11 and Gal4ϩP201 (lane 5), a weaker interaction with either of the two mutant forms of Gal11 was observed (lanes 6 and 7). A weak interaction between Gal11 and the two other activators was observed also, but those interactions were unaffected by mutation of Gal11.
activation by P201, however; deletion of either of two other components of that module (Hrs1 and Sin4) has only modest deleterious effects, and deletion of another component (Med2) of mediator has a modest positive effect (data not shown).
One difference between P201 and typical acidic activators (Gal4, for example) is that whereas the latter work in mammalian cells (as well as in other metazoan cells), the former does not (23) . This species-specific restriction could reflect the requirement for a specific target for P201 that is absent from mammalian cells. Consistent with this view, no clear Gal11 homologue has been found in higher eukaryotes. One weakly homologous protein, CA150 (44) , lacks the sequence we have found to interact with P201. Perhaps acidic activating regions have a range that P201 lacks by virtue of their abilities to interact with an array of targets.
